Laser soldering has recently been introduced in industry because of its unique properties, which include localized and noncontact heating, a rapid rise and fall in temperature, and easy automation compared to reflow soldering. In this study, the effect of an annealing treatment on the impact strength of solder bumps heated using the laser process was investigated to improve the impact reliability of soldered joints. It was found that, in the as-soldered condition, a thin intermetallic compound (IMC) layer was formed at the interface of the solder bumps on a Cu pad when using the laser process with and without annealing. After aging at 150°C, the impact reliability of the solder bumps heated using the laser process with annealing was superior to that of the solder bumps heated using the laser process without annealing. This was because the IMC grains at the interface clearly grew to a large size. These were effective at preventing Cu atoms from diffusing to the interface of the joints soldered by the laser soldering process and may be the reason that the annealing treatment at 20 W for 5 s prevented the degradation of the maximum load of solder bumps when using the laser soldering at 40 W for 1 s.
Introduction
Currently, Sn-Ag-Cu solders such as Sn-3.0Ag-0.5Cu and Sn-3.8Ag-0.7Cu are considered the most promising lead-free solders for both conventional wave and reflow soldering processes in the electronics industry. Sn-Ag-Cu solders are generally harder and less ductile than lead-containing solders like Sn-37Pb. Thus, they are less deformable under dynamic loading, which is frequently encountered for portable electronic devices such as mobile phones and laptops. Another characteristic of Sn-Ag-Cu solders is their high reaction rate with molten metals, i.e., there is a high dissolution rate of metals into these molten solders, as compared to the reaction rate of metals with Sn-Pb eutectic solder. 14) Thus, during heating, a layer of an intermetallic compound (IMC) is readily formed at the interface between the solder and Cu substrate. The formation of IMCs at the interface is essential in the manufacture of reliable solder joints. The thickness of the IMC layer at the interface in the case of the Sn-Ag-Cu solder is much thicker than that for the Sn-Pb eutectic solder. In particular, the IMC layers are generally brittle, and cracks are initiated at the interface. Thus, the thickness of the IMC layer affects the drop reliability and long-term reliability of the soldered joints. To evaluate the drop reliability, a ball impact test was found to be effective for the qualitative evaluation of the interfacial strength of the solder joints. 5) Reflow soldering using a furnace has been widely used in electronic packaging and assembly processes. However, with the miniaturization of electronic devices and the use of heatsensitive electronic components, the use of the conventional reflow soldering process often gives rise to difficulties. Recently, as an alternative heating process, a laser soldering process has been introduced in industry for practical use because of its unique properties, which include localized and noncontact heating, a rapid rise and fall in temperature, and easy automation compared to the conventional reflow process. In addition, the laser soldering process allows for the mounting of individual components and customized printed circuit board (PCB) assemblies. Therefore, there has been some practical research and discussion related to using the laser soldering process in industrial applications. 69) For example, Reinl 6) mentioned that selective soldering with laser radiation is well established in practice and is applied in many industrial applications. In combination with a pyrometer, temperature-controlled soldering processes with high process stabilities lead to a consistent quality. Britten 7) showed that the laser soldering process lowered the diffusion of alloy components in the solder and enhanced the mechanical resistance of the interconnector by more than 50% compared to conventional infrared-soldered samples. On the other hand, there has been limited discussion within the field concerning the basic phenomena and performance of the laser soldering process. 10, 11) The possibility of fluxless reflow solder bumping using laser heating was investigated using a solder disk on a pre-tinned Cu pad. Heating with a 20 W laser for 1.2 s resulted in a spherical bump with a thin layer of IMC at the solder/Cu interface. 10) In our previous research, 12) the formation and growth of the IMC at the Sn-Ag-Cu solder/Cu interface after laser soldering and during isothermal aging were explored. It was found that many voids were formed at the solder/metal substrate interface after laser soldering at 40 W for 1 s, and the impact reliability of the solder bump was degraded during aging. In this study, the effect of an annealing treatment using a laser process on the impact strength of solder bumps after soldering and aging was investigated to improve the impact reliability of solder bumps heated by the laser process.
Experimental Procedures
Sn-3.0 mass%Ag-0.5 mass% Cu solder balls with a diameter of 1.0 mm were used in this study. Cu pads with a thickness of 35 µm and diameter of 0.8 mm were fabricated on an FR-4 printed wiring board and used as the substrate. A commercially available rosin mildly activated (RMA) flux was used. Prior to the soldering, the Cu pads were immersed in a 4% HCl solution for 120 s. Then, the Cu pads and solder balls were ultrasonically rinsed in an ethanol solution. After the solder balls had been dipped in the flux, they were placed on the Cu pads. The solder balls were heated in air using a laser soldering system (UNIX-413L2, Japan Unix Co., Ltd). This soldering system consisted of a high-power diode laser ( = 940 nm) with a 1.2 mm beam and maximum laser power output of 50 W. The laser irradiation conditions were controlled by manipulating the laser power and irradiation time. In this study, the solder balls were mainly heated in the atmosphere with a power of 40 W for 1 s or a power of 40 W for 1 s plus 20 W for 5 s as an annealing treatment. After the soldering, the specimens were ultrasonically cleaned in an ethanol solution to remove any residual flux from the soldered joints. Some of the soldered joints were then subjected to isothermal aging at 423 K for either 168 h or 504 h. Then, some of these joints were cut, and their cross sections were polished to allow the solder/Cu pad interface and microstructure of the solder matrix to be observed by scanning electron microscopy (SEM).
Then, to evaluate the impact reliability of the soldered joints, ball impact tests were performed using a micro-impact tester (MI-S, YONEKURA Mfg. Co., Ltd.) with an impact height and speed of 100 µm and 1 m/s, respectively. Figure 1 shows a schematic illustration of the procedure for the ball impact tests and a typical force-displacement curve resulting from such a test. The maximum loads to which the soldered joints were subjected were obtained from the load-displacement curves resulting from the ball impact tests. 5) To obtain average values, ball impact tests were performed on 10 solder balls for each soldering condition. Figure 2 shows the effect of the annealing treatment on the maximum load of the load-displacement curve obtained from the ball impact test. After using the laser for the main heating at 40 W for 1 s, the laser beam was used for annealing with a power of 10 or 20 W for 1, 5, or 10 s. Regardless of the annealing conditions, the maximum load of the soldered joints with an annealing treatment was clearly superior to that of joints soldered by the simple laser process at 40 W for 1 s. To investigate the effect of the annealing treatment in detail, some of joints soldered at 40 W for 1 s and at 40 W for 1 s plus 20 W for 5 s were subjected to isothermal aging at 423 K for either 168 or 504 h. Figure 3 shows SEM micrographs of the interfaces between the Sn-Ag-Cu solder and Cu pads after laser soldering and aging. The micrographs are for the interfaces both with annealing at 20 W for 5 s and without annealing. The morphology of the IMC layer at the interface of a sample with annealing is almost similar to that without annealing. In both cases, a very thin IMC layer was formed at the interface, and the thickness of this IMC layer was less than 1 µm. After isothermal aging for 168 h, a distinct second layer was observed at the interface between the Cu pad and the first layer, and the total thickness of the IMC layer increased. The thickness of this IMC layer was about 5 µm, regardless of the annealing treatment. As the aging time was increased to 504 h, the thickness of the first and second layers increased for both cases, and the morphologies of the IMC layers at the interfaces were almost similar for both cases. In addition, the growth of the IMC layers in the case of laser soldering with annealing was also similar to that in the case of laser soldering without annealing. Figure 4 shows typical SEM micrographs of the solder matrix after soldering and isothermal aging for 168 and 504 h. These micrographs are for solder matrices both with annealing at 20 W for 5 s and without annealing. It is well known that the microstructure of Sn-3.0Ag-0.5Cu solder just after soldering is composed of dendrites of the primary ¢-Sn phase and a eutectic network band, in which Cu6Sn5 and Ag3Sn IMCs are finely dispersed in the ¢-Sn matrix. As shown in Fig. 4 , the morphology of the solder matrix of the sample with annealing is similar to that without annealing after soldering. For both cases, the size of the primary Sn phase was very fine after soldering because the cooling rate of the laser soldering was very fast. During aging for 168 or 504 h, microstructural coarsening occurred, and the morphology of the solder matrix of the sample with annealing was also similar to that without annealing after aging for 168 or 504 h. Ag3Sn particles in a eutectic phase undergo Ostwald ripening and Cu 6 Sn 5 precipitates coarsen even more rapidly. Figure 5 shows the effect of the aging time on the maximum load of the load-displacement curve obtained from the micro-impact test. The maximum loads are for samples both with annealing at 20 W for 5 s and without annealing. After soldering, the maximum load of the sample with annealing was similar to that without annealing. During aging, the maximum loads for both cases gradually decreased. However, the maximum load of the solder bumps without annealing was continuously degraded and was clearly lower than that of the solder bumps with annealing after aging for 504 h. In other words, the annealing treatment was effective at preventing the degradation of the maximum load of the joints soldered by the laser soldering at 40 W for 1 s.
Results and Discussion

13)
To clarify the cause of the improvement in the maximum load of the soldered joints with annealing, the microstructure at the interface between the solder and Cu pad was investigated in detail, and the top-view morphology of the IMC was observed. It is known that voids in the IMC layer provide initiation sites and propagation paths for cracks, whose formation degrades the reliability of solder joints, as reported by Zeng.
14) Such voids are formed by an imbalance in the diffusion flux from one side to the other. The rapid diffusion of one material into another can cause crystal vacancies to form in a bulk material. These vacancies attract each other and result in the formation of so-called Kirkendall voids. At the interface between a Sn-based solder and a Cu pad, Cu is the dominant diffusing species, wherein Cu atoms can diffuse to the Cu 6 Sn 5 /solder interface and react with Sn. The Cu atoms diffuse through the valley, which is the grain boundary between two neighboring scallops, and Cu is predominantly transported along the Cu 6 Sn 5 grain boundaries during aging. 9) If this occurs, the outflow of Cu cannot be compensated by volume diffusion inside the Cu substrate or diffusion along the interfaces to the Cu3Sn layer. Therefore, the grain boundary of the IMCs serves as the dominant diffusion path between the solder and Cu pad. In our previous study, 12) the top-view morphology of the IMC layer at the interface for the laser soldering was quite different from that for the conventional reflow soldering using a furnace. In the case of the laser soldering, the IMC grains at the interface were extremely refined, and a large number of grain boundaries between IMCs existed. Therefore, it was easy for Cu atoms to diffuse to the interface. This may be the reason that many voids were formed at the interface of the joints soldered by the laser process, and the maximum load of the joints soldered by the laser process degraded considerably and was clearly lower than that of the joints soldered by the conventional reflow process. Thus, in this study, the top-view morphology of the IMC was observed after removing the solder chemically. Figure 6 shows the top-view morphology of the IMC just after soldering. The top-view of the IMC layer at the interface with annealing at 20 W for 5 s was quite different from that without annealing. In the case of the laser soldering with annealing at 20 W for 5 s, the IMC grains clearly grew to a large size. These were effective at preventing Cu atoms from diffusing to the interface of the joints soldered by the laser soldering process and may be the reason that the annealing treatment at 20 W for 5 s prevented the degradation of the maximum load of the joints soldered by the laser soldering at 40 W for 1 s.
Conclusion
In this study, the effect of an annealing treatment using a laser process on the impact strength of solder bumps after soldering and aging was investigated to improve the impact reliability of solder bumps heated by the laser process. The following conclusions can be formulated:
(1) For both cases with annealing and without annealing, in the as-soldered condition, a very thin IMC layer was formed at the interface between the solder and a Cu substrate and the thickness of this IMC layer was less than 1 µm. (2) After aging at 150°C for 504 h, the impact reliability of the solder bumps heated using the laser process with annealing was superior to that of the solder bumps heated using the laser process without annealing. 
